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Abstract

Safflower is a climate-resilient, quality oilseed with high resistance to water scarcity, soil salinity, and
frost-prone areas, and it has a wide range of applications in daily life, ranging from food to pharmaceutical
to industrial. Adapting high-quality oil-content-producing safflower cultivars can help reduce costs and
reduce precious foreign exchange in countries like Pakistan. Exotic germplasm imported from the United
States Department of Agriculture-Agricultural Research Service (USDA-ARS), consisting of 145 exotic
safflower accessions and four local control cultivars were planted under semi-arid conditions in Faisalabad,
Pakistan, during winter 2018-19 and 2019-20 season using an augmented design with unreplicated entries
and replicated checks. Genotypic coefficient of variability (GCV) analysis revealed significant variation
among the accessions of safflower for achene yield plant, heads plant', and branches plant'. The Pearson
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correlation analysis revealed a significant but negative correlation between days to maturity and days
to 50% flowering. The results revealed larger achene yields and earlier maturity in safflower planted in
early winter. Biplot analysis found that five of the tested accessions had higher achene yield plant”, while
four of the other accessions had a higher percentage of oil than the control, which was the local safflower
check-31, which had the highest oil content and best quality traits. Furthermore, the dendrogram revealed
that four safflower accessions exhibited higher morphological uniqueness across the investigated traits
during both years of study, which can be employed for future varietal development.

Keywords: safflower, germplasm, adaptability, yield, oil, fatty acid

Introduction

Safflower is a promising oilseed that has been growing
under diverse agroecological conditions worldwide
[1]. However, global statistics data reports indicate
that Pakistan has never been a part of the history of
safflower production. Safflower is significant for human
dietary consumption due to its high achene oil content
and the presence of polyunsaturated fatty acids (®-6)
or monounsaturated fatty acids (®-9) [2-4]. Safflower
seed contains essential components such as crude fiber,
moisture, ash, proteins, and healthy non-oil components
like tocopherols, phytosterols, and micronutrients [5-8].
Safflower is used in various industries, including edible
oil, animal feed, soap, varnishes, plastics, and paints.
Safflower petals are extracted for food color and dyes,
proving their versatility in daily life and textile industries
[9-13]. Moreover, safflower is an extremely drought-
tolerant crop that can withstand abiotic stresses such as
frost, salt, and soil fertility [14, 15].

Pakistan’s agriculture faces significant challenges
due to climate change, including uncertain river flows,
rainfall patterns, and soil issues. These factors limit
crop husbandry, leading to unprecedented uncertainties
in food security for the common [16]. Particularly, heat
exposure tarnished maize cobs, plummeted wheat yields
coupled with severe rust spread, and total failure of cotton
seed production due to water scarcity, resulting in hefty
imports of edible oil of US$ 3.681 billion in Pakistan
during the production year 2019 [17]. The consumption
of foreign exchequer on unhealthy chemically bleached
palm oil led to the widespread cultivation of oilseeds for
national needs as well. Further, local production of quality
oilseeds, such as groundnut, sunflower, and canola, is
discouraged, leading to the replacement of these with
sustainable, easy-to-grow oilseed choices like safflower.
Furthermore, adversities like soil salinity, irrigation
water dearth, frost impact, and poor fertility require crop
resilience and sustainable agricultural endeavors for food
security and livelihood. Quality oil can be obtained from
crops like sunflower, canola, and sesame, although they
are not particularly resilient to climatic variations and
certain temporal shocks.

Safflower is drought-resistant and able to thrive on
low-nutrient soil with minimal photoperiod response
and soil salinity [18-21]. The high amount of oil that can
be extracted from safflower and its high quality made it

evident that it would be a good choice for 220 million
people in the nation. However, its limited spines on
leaves, stem, and capitula hinder agronomic practices
and interculture cum harvesting operations. Selection
of non-spiny safflower accessions for local cultivation
is therefore a viable option to increase local adoption.
Introducing spiny and non-spiny safflower in semi-arid to
arid, frost-prone, and saline conditions in Pakistan can be
an effective strategy for increasing local adoption and the
availability of high-quality edible oil for food security,
health, and industrial use [22].

Targeted breeding programs are currently underway
worldwide to develop diverse safflower germplasm
through selection and hybridization. These programs
are characterized by ideo-plant architecture, capitula
spines, floral diversity, achene size, and oil content [23].
Genetic variability may also exist for adaptation to any
new environment and to high-temperature exposures;
thus, 145 introduced safflower accessions, and four local
controls were cultivated to expose germplasm to the local
environment of Pakistan. This research aims to identify
safflower lines with spiny and spineless nature, equivalent
oil content, higher potential for seed production, achene oil
content, and other relevant characteristics. It was carried
out to screen exotic safflower for better achene yield and
achene oil traits even under extreme terminal heat stress
at the close of spring, low soil fertility with sandy loam
texture, and in response to temperature shocks.

Experimental

Germplasm Selection and Climatic Features of the
Experimental Site

Safflower germplasm from the United States
Department of Agriculture, USA, was imported and
sown under semi-arid canal irrigated field conditions in
Faisalabad, Pakistan (31.4504°N, 73.1350 E, and 184.4 m
altitude). A series of experiments were designed with 145
cultivars along with four local control cultivars (Check-18,
Check-29, Check-31, and Check-40) obtained from
Oilseed Research Station, Bahawalpur working under the
aegis of Oilseed Research Institute, Faisalabad Pakistan
(detailed in Table 1) utilizing single replicated augmented
layout [24]. Physical climate parameters (temperature and
rainfall) and soil characteristics have been shown in Figure
1 and Table 2, respectively. In this study, the winter seasons
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Table 1. Some characteristics of investigated exotic safflower accessions obtained from Western Regional PI Station Washington State
University Regional Plant Introduction Station 59 Johnson Hall Pullman, Washington, United States of America.

Flower color Flower color
Accessions Spiny score Accessions Spiny score
Fresh Withered Fresh Withered

G-1=250531 Yellow Orange 1 G-76 = 279052 yellow Orange 3
G-2 = 183669 yellow yellow 3 G-77 =314650 orange Red 1
G-3 =279054 yellow yellow 3 G-78 =194913 yellow Yellow 2
G-4=193764 orange red 3 G-79 =250530 yellow Yellow 3
G-5=250342 Yellow orange 3 G-80=250536 white White 3
G-6 = 250345 yellow orange 3 G-81 =199874 yellow Orange 3
G-7=1242418 yellow orange 1 G-82 = 199881 yellow Yellow 3
G-8 =239707 orange red 1 G-83 =199897 yellow Yellow 3
G-9 =239043 orange Red 1 G-84 =199908 yellow Yellow 3
G-10=237551 yellow Yellow 1 G-85=601446 yellow Orange 3
G-11 =239041 yellow Yellow 1 G-86 =250599 yellow Orange 3
G-12=239042 yellow Orange 1 G-87 =279345 orange Red 1
G-13 =250187 yellow Orange 2 G-88 = 173881 yellow Yellow 3
G-14=250199 yellow Orange 3 G-89 =198292 yellow Yellow 3
G-15=250338 yellow Orange 3 G-90 = 253895 yellow Orange 1
G-16=197832 yellow Yellow 3 G-91 =251267 yellow Orange 1
G-17=198843 Yellow Orange 3 G-92 =283760 yellow Orange 3
G-18 =199902 yellow Yellow 3 G-93 =253541 yellow Yellow 3
G-19=199901 Yellow Yellow 3 G-94 = 253569 orange Red 1
G-20=199900 yellow Orange 3 G-95=253765 yellow Yellow 3
G-21=208677 yellow Orange 3 G-96 =273877 yellow Orange 3
G-22 =199907 yellow Yellow 3 G-97 = 253538 yellow Orange 1
G-23 =199876 yellow Yellow 3 G-98 = 253547 yellow Yellow 1
G-24 =198990 yellow Orange 1 G-99 =252512 yellow Orange 3
G-25=199873 yellow Yellow 3 G-100 = 253521 yellow Yellow 3
G-26 = 198845 Yellow Yellow 1 G-101 = 253396 orange Red 1
G-27=199875 yellow Yellow 3 G-102 = 253390 yellow Yellow 2
G-28 = 199880 yellow Yellow 3 G-103 = 288307 yellow Yellow 3
G-29=199829 yellow Orange 3 G-104 = 235663 yellow Orange 1
G-30 =235659 white White 3 G-105 =253391 yellow Orange 2
G-31=209289 yellow Yellow 3 G-106 = 253392 yellow Orange 1
G-32=210834 yellow Yellow 3 G-107 =209298 yellow Orange 3
G-33=209301 yellow Orange 3 G-108 = 199903 yellow Orange 3
G-34 =209285 yellow Orange 3 G-109 =673133 orange Red 1
G-35=235660 orange Red 1 G-110=613361 yellow Yellow 3
G-36 =209296 yellow Yellow 1 G-111 = 250477 yellow Yellow 3
G-37=209292 yellow Yellow 3 G-112=253516 yellow Yellow 3
G-38=209291 white White 3 G-113 =253511 yellow Orange 3
G-39 =220250 yellow Yellow 3 G-114=613523 orange Red 2
G-40 = 199905 yellow Yellow 3 G-115=613453 yellow Yellow 3
G-41 =199898 Yellow Yellow 3 G-116 =253559 yellow Orange 3
G-42 =199989 yellow Orange 1 G-117=601703 yellow Yellow 3
G-43 =209284 yellow Orange 3 G-118=251266 yellow Yellow 3
G-44 = 199896 yellow Yellow 3 G-119 =250606 white White 3
G-45=250842 yellow Orange 3 G-120=262448 yellow Orange 3
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G-46 = 250475 orange Red 3 G-121 =253763 yellow Yellow 1
G-47 =251265 orange Red 2 G-122 =283743 yellow Orange 3
G-48 = 250295 yellow Yellow 3 G-123 =253568 orange Red 1
G-49 = 193475 yellow Yellow 3 G-124 = 262447 yellow Orange 3
G-50=250008 yellow Orange 1 G-125=19829%4 white White 3
G-51=182165 yellow Yellow 3 G-126 = 253535 yellow Orange 3
G-52=250198 yellow Orange 3 G-127 = 283744 yellow Yellow 3
G-53 =250203 Yellow Yellow 3 G-128 = 280229 yellow Orange 1
G-54=197831 Yellow Orange 3 G-129 =251986 yellow Orange 3
G-55=250190 yellow Yellow 3 G-130 =251987 yellow Yellow 3
G-56 =138433 yellow Yellow 1 G-131=262453 yellow Orange 3
G-57=250196 yellow Orange 3 G-132=283777 yellow Orange 3
G-58 =250182 yellow Yellow 3 G-133 =653155 yellow Orange 3
G-59 = 237550 yellow Orange 1 G-134 =237542 yellow Orange 1
G-60 =250605 orange Red 1 G-135=237544 yellow Yellow 2
G-61 =242419 yellow Yellow 3 G-136 =237534 orange Orange 3
G-62 =239227 orange Red 1 G-137=237548 yellow Yellow 3
G-63 =239706 yellow Yellow 1 G-138 =237545 yellow Yellow 3
G-64 =237552 white White 1 G-139 =237543 yellow Orange 3
G-65=250351 yellow Yellow 1 G-140 =262514 yellow Orange 2
G-66 = 279344 yellow Yellow 3 G-141=1253527 yellow Yellow 3
G-67 =601407 yellow Orange 3 G-142 =251290 orange Red 1
G-68 =250597 yellow Orange 3 G-143 =251978 yellow Yellow 1
G-69 =239353 orange Red 2 G-144 = 253563 yellow Yellow 3
G-70=279342 yellow Yellow 3 G-145=251979 yellow Orange 3
G-71=601615 yellow yellow 3 Check-18 yellow orange 3
G-72 =250525 yellow yellow 3 Check-29 orange red 1
G-73 =193473 yellow Orange 3 Check-31 yellow orange 2
G-74 = 181866 yellow Yellow 1 Check-40 yellow orange 1
G-75=175624 yellow Yellow 1

Spiny score: 1; spineless, 2; less spiny, 3; more spiny

of the years 2018-19 and 2019-20 were used to assess
the responsiveness of safflower germplasm. The average
photoperiod for the vegetative and maturity phases was
between 4.8 and 8.9 hours during the study year of 2018-
19, whereas in 2019-20, the photoperiod was between

Table 2. Soil type and its nutrient enrichment level used for testing
different accessions of the safflower during 2018-19 and 2019-20.

Parameters 2018-19 2019-20
Soil texture Sandy loam Sandy loam
Soil saturation (%) 35 36
EC (dS m™) 1.9 1.86
pH 7.7 7.8
Organic matter (%) 0.6 0.68
N (%) 0.25 0.3
P (ppm) 4.2 4.0
K (ppm) 235 238

4.4 and 8.5 hours throughout the corresponding phases.
Cultivar seeds were sown in single replicated augmented
designs during the final week of November 2018-19 and
2019-20, but four local control cultivars were sown with
three replicates in a single row of 4 m. Sowing was done by
hand placement with 45 cm row-to-row spacing, and plant
population was maintained after emergence with 15 cm
spacing between plants with population density of 148148
plants per hectare. Diammonium phosphate was applied at
seedbed preparation at a rate of 143 kg ha! containing 46%
P,0; and 18% NO;". The remaining nitrogen was supplied
by urea application at a rate of 146 kg ha'!. A pre-emergence
herbicide containing S-metolachlor and Pendimethalin was
sprayed after 10 hours of sowing to control weed growth.
The crop only had one irrigation application, but it was 40
days after the sowing. However, later in the crop cycle,
rainfall assisted the crop to meet its need for water. During
a two-year experiment, growth characteristics, yield, and
quality were recorded.
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Fig. 1. Daily maximum and minimum temperatures (°C), rainfall (mm), and humidity data of safflower during 2018-19 and 2019-20.

Data Collection on Selected Traits

Traits including flower color (Yellow, orange, red),
spiny score (spineless, less spiny, and more spiny),
days to 50% flowering (DTF), days to maturity (DTM),
plant height (PH), number of branches plant' (Bran),
number of heads plant' were recorded. Capitula from
ten randomly chosen plants were counted, and seed yield
per plant was calculated by harvesting capitula from all
ten of the plants in each accession. The seed yield was
measured at 12% seed moisture content after the capitula
were threshed by hand, and the seed was cleaned by
storing it at 50 °C. Each accession had ten plants, and
their seed weight was determined by weighing 1,000
seeds from each. Extraction of oil from the seed using a
Soxhlet device was used to determine the amount of oil
in the seed. Safflower seeds weighing 10 g were washed
to eliminate inert debris and dried to the appropriate
moisture content. Samples were then crushed in a blender
and placed onto a Soxhlet apparatus using n-hexane,
where they were subjected to solvent extraction until
no more oil content was still extractable. Seed samples
were loaded, and dried in an oven at a constant weight
while maintaining a temperature of 40 °C, and their
weight reduction was evaluated using an analytical
weighing balance to determine the percentage of seed
oil [25]. However, approximately 1.5 g of extracted oil
was used for fatty acid profiling. The oil (50 uL) was
methylated for one hour at room temperature with 4 ml
KOH. Hexane was used to extract methylated fatty acids.

Gas chromatography (M-3900, Varian, USA) was used to
analyze the fatty acid profiles of all edible oils. The fused
capillary column, flame ionizing detector, and nitrogen
gas carrier were employed for the analysis @ 3.5 ml min-
!. The temperatures of the injector and detector were set to
260 °C, while the temperature of the column oven was set
at 222 °C. Methylated esterified fatty acid was manually
injected, and the fatty acid was detected by comparing
peak retention time to the standard.

Data Analysis Using Different Statistical Techniques

Data was analyzed using an augmented design
consisting of exotic genotypes with a single replication
and local controls with three replications. Traits showing
significant variability due to accessions were examined
using multivariate analysis (principal component
analysis) with the software OriginPro-2021. Data of 10
plants for each accession within in single replication was
used to get the mean average within a single replication.
The comparison of various traits of promising safflower
genotypes with controls was conducted using Turkey’s
honestly significant differences (HSD) test at a 5%
probability level [26]. The promising genotypes were
selected based on their performance regarding various
traits such as days to 50% flowering (DTF), days to
maturity (DTM), plant height (PH), number of branches
plant-1 (Bran), number of heads plant-1, thousand seed
weight g (TSW), seed yield g plant-1, oil content%,
linoleic acid content% (LA) and oleic acid content% (OA)
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during 2018-19 and 2019-20. For two years, Pearson’s
correlation analysis was used to investigate the relationship
between phenological traits, yield, and oil characteristics.
Using a two-tailed t-test (df-2), the significance of the
correlation was examined. The cluster analysis was based
on the assumption that different groupings of safflower
accessions may be utilized in a breeding program to
increase genetic diversity and produce hybrids with
greater vigor. The software OriginPro-2021 was used to
perform a dendrogram analysis.

Results

Analysis of variance was performed using an
Augmented Design of employed safflower accessions
and checks, which showed significant variation for
subject traits (Table 3). During 2018-2019 blocks
(eliminating treatments) exhibited significant variation
for days to physiological maturity (DMT) and 1000-seed
weight (TSW). Similarly, in 2019-2020 blocks resulted
in significant variation in plant height, oil content,

Table 3. Mean sum of square of ANOVA, block adjusted for days to flowering (DTF), days to maturity (DMT) plant height (PH, cm),
number of branches per plant (Bran), number of heads per plant (Heads), 1000-seed weight (TSW, g), seed yield per plant (Yield), oil
content (Oil%), oleic acid (OA%) and linoleic acid (LA%) during 2018-2019 and 2019-2020.

2018-2019 2019-2020
Source DF Traits Traits
DTF | DMT PH Bran | Heads | DTF | DTM PH Bran | Heads
Treatment (Ignoring Blocks) 148 26.5 259 467 15 300 24 29 613 14 282
Block (Eliminating Treatments) 4 5.8 16.1%* 17 1 7 3 5 36* 3 4
Treatment: Check 3 57.5% | 69.9%* | 535%* | 24%% | [64%* | 72¥* | 5Ex | IOEEK | 28F* | 145%*
Treatment: Test 144 | 24.8% | 25.1%*% | 460%** | 14%% | 287** | 23%* | 2R** | 604** | 12%* | 267**
Treatment: Test vs Check 1 167.6%*| 0.4 [1362**| 176%* |2453**| 30%* 5 1320%* | 142%* |2836%*
Residuals 12 10.4 2.8 18 1 5 5 4 9 2 5
Source DF TSW | Yield Oil OA LA | TSW | Yield | Oil OA LA
Treatment (Ignoring Blocks) 148 41 139 15 55 55 39 133 13 68 68
Block (Eliminating Treatments) 4 22% 13 1 2 1 10 10 17* 4 4%
Treatment: Check 3 244%% | B5FEk | Qx| FSEE | FeAE | ]73kE | ]19%*F | 22* 49%* | 48%*
Treatment: Test 144 36%F | 100** | 14%* | S4%x | S4%x | 3oFk | QRF* 13%* 65%* | 65%*
Treatment: Test vs Check 1 179%** |5930%* | 5% 343%* | 273%* | 40% [5236%** | 0.001 | 652%* | 644%*
Residuals 12 2 6 1 1 1 5 7 5 1 1

Here; * =p <0.05 and ** =p < 0.01

Table 4. Mean, ranges, and accessions variability for various traits i.e. days to 50% flowering (DTF), days to maturity (DTM), plant
height (PH), number of branches plant™ (Bran), number of heads plant!, thousand seed weight g (TSW), seed yield g plant™, oil con-
tent%, linoleic acid content% (LA) and oleic acid content% (OA) during 2018-19 and 2019-20.

2018-19
Parameter DTF | DMT |PH(cm)| Bran | Heads |TSW (g) Y;‘l’::lt(_?) oil % a(c)ilsf,z Iz'c'i“dlf/:c
Accessions Mean | 141.40 | 16596 | 136.07 | 13.01 | 4250 | 3881 | 1977 | 2423 | 23.06 | 64.94
Accession Range | 130-155 | 154-180 | 80-214 7-27 15-129 21-58 5-59 16-34 12-76 12-75
GCV% 3.52 3.02 | 1576 | 28.83 | 39.85 | 1547 | 5044 | 1563 | 31.83 11.29
Check means | 139.75 | 164.50 | 14488 | 9.63 | 3050 | 4267 | 39.19 | 2570 | 17.93 | 70.08
Check Range | 138-141 | 162-167 | 131-155 | 8-11 | 25-36 | 34-51 | 3543 | 2428 | 1720 | 6872
GCV% 0.90 127 722 | 1350 | 1849 | 1656 | 9.14 5.40 9.15 234
2019-20
Parameter DTF | DMT |PH(cm)| Bran | Heads |TSW (g) ‘S:lndtf)g oil % a(c)il;f;) Iz'c‘i“dlf/:c
Accessions Mean | 141.51 | 167.19 | 13836 | 12.82 | 4278 | 4028 | 22.15 | 2495 | 2275 | 6525
Accession Range | 129-153 | 156-181 | 83224 | 824 | 12-122 | 2357 | 7-62 1753 | 1077 | 11-79
GCV% 3.42 318 | 1776 | 2740 | 3823 | 1477 | 4624 | 1435 | 3537 | 1233
Check means | 14033 | 165.58 | 146.08 | 1046 | 3042 | 41.83 | 3944 | 2608 | 1748 | 7053
Check Range | 137-142 | 161-168 | 128-158 | 8-12 | 23-36 | 34-49 | 3544 | 2528 | 1422 | 6674
GCV% 1.77 1.81 879 | 17.81 | 1922 | 1589 | 10.02 5.56 19.66 487
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and linoleic acid content. In addition, during 2018-
2019, check treatments and test treatments, as well as
their interactive (test & check) effect, were also found
significant for all traits except DMT, which revealed
insignificant interaction. Conversely, during 2019-2020,
check treatments and test treatments showed significant
responses for all traits. However, the interactive effect
of the test and check was significant for assessed traits
excluding days to maturity and oil content.

Genotypic Mean Ranges and Genetic Variability in
Safflower Germplasm

In Table 4, the mean value, ranges, and genotypic
coefficient of variation (GCV) for the evaluation of
various phenological, morphological, and quality
characteristics in germplasm are listed. In general, the
accession means and ranges were higher than the check
means and ranges. Thus, introduced accessions during
2018-19 had a higher coefficient of variation for all traits.
The number of heads plant’, seed yield, and oleic acid
content had the highest genetic variability, while plant
height, thousand seed weight, oil content, and linoleic

acid content had low genetic variability, and phenological
development traits had negligible genetic variability.
In contrast, the 2019-20 accession means and ranges
exceeded the check means and ranges of the 2018-19
study. The introduced safflower accessions exhibited the
highest genetic variability for seed yield, number of heads
plant’, and oleic acid content, but the lowest genetic
variability for phenological parameters, plant height, oil
content, linoleic acid content, and thousand seed weight.

Mean Comparison Analysis of Promising
Safflower Accessions

The mean comparison analysis of phenological and
morphological traits in 2018-19 revealed a statistically
significant effect (p < 0.05) (Table 5). Accession G-77
had the longest days to 50% flowering, and the shortest
days were taken in accessions G-24, G-22, and G-25,
while maximum days to maturity were observed in
accession G-24, which is statistically similar to G-66,
G-77, and check-31, and the shortest days were observed
in accession G-13. The tallest plant height was recorded
in accession G-77, followed by G-24, and the shortest

Table 5. Mean comparison of promising safflower accessions for various traits i.e. days to 50% flowering (DTF), days to maturity
(DTM), plant height (PH), number of branches plant! (Bran), number of heads plant!, thousand seed weight g (TSW), seed yield
plant™, oil content%, linoleic acid content% (LA) and oleic acid content% (OA) during 2018-19 and 2019-20.

2018-19
Accessions DTF DTM PH Bran Heads TSW Yield 0Oil OA LA
G-13=PI-250187 | 139.0ab | 161.0c | 1448¢ | 12.8ab 56.0b 46.0c 535b | 29.0bc | 21.0b 67.0d
G-21 =PI-208677 | 139.0ab | 165.0ab | 148.5¢ | 11.3bc | 46.0d 37.1e 453c | 29.0bc | 21.0b 67.0d
G-22 =PI-199907 | 137.0b | 166.0ab | 149.3de | 8.5de 395e 419d 53.7b | 30.0ab 184c | 69.6a-c
G-24=PI-198990 | 137.0b | 167.0a | 164.0b | 11.3bc 298¢ 57.7a 59.3a | 30.0ab | 21.0b 67.0d
G-25=PI-199873 | 137.0b | 166.0ab | 149.5de | 13.0 ab 66.0 a 50.0b 42.0c 26.3d 16.6 cd 712 a
G-32=PI-210834 | 141.0ab | 164.0b | 1443¢ | 13.0ab 53.8¢ 472¢c 533b | 28.0cd | 21.0b | 68.0cd
G-48 =PI1-250295 | 140.0ab | 164.0b | 1473 ¢ 145a 33.0f 346 f 43.0c 314a 22.0b | 69.1bc
G-66 =PI1-279344 | 142.0ab | 167.0a | 158.5bc | 11.5bc 33.0f 36.5ef | 43.0c¢ 315a 16.4d 714 a
G-77=PI-314650 | 143.0a | 167.0a | 1693 a 7.8 ¢ 22.8h 42.1d 450c¢c 28.5 bc 254a 62.6¢
Check-31 141.0ab | 167.0a | 155.0cd | 10.0cd 340 f 51.0b 43.0c 27.5cd 18.0c 70.0 ab
HSD Value o 5% 5.56 2.99 6.2 2.23 2.23 1.98 4.44 1.89 1.91 1.8
2019-20
Accessions DTF DTM PH Bran Heads TSW Yield Oil OA LA
G-13 =PI-250187 | 141.0bc | 163.0d | 135.7h | 11.0c-f | 52.0b | 47.5bc | 47.4cd | 30.0 bc 21.8 ¢ 66.2 ¢
G-21 =PI-208677 | 137.0d | 160.0e | 1424¢g | 10.0d-f | 40.0d 38.6¢ 49.1cd | 28.0e¢ 24.8b 63.2d
G-22=PI-199907 | 139.0cd | 158.0e | 155.0¢ 9.0 ef 44.0c 43.44d 56.0b 31.0b | 20.7cd | 67.3bc
G-24=PI-198990 | 139.0cd | 164.0cd | 173.3b | 10.0d-f | 25.0¢g 54.0a 61.5a 31.1b 242D 63.5d
G-25=PI-199873 | 136.0d | 159.0e | 143.0g 154 a 60.0a | 47.0bc | 46.4d | 28.1de 13.7f 743 a
G-32=PI-210834 | 143.0ab | 166.0bc | 149.8f | 14.0ab | 55.0b 49.0b 50.1cd | 293 cd 18.6¢ 63.3d
G-48 =PI1-250295 | 143.0ab | 166.0bc | 1552¢ | 13.1ac | 36.0¢ 36.1e | 47.8cd | 30.2bc | 19.5de 68.1b
G-66 =PI1-279344 | 144.0ab | 172.0a | 160.4d | 12.0b-d | 29.0f 31.0f 513¢ 32.7a 142 f 734 a
G-77=PI-314650 | 147.0a | 171.0ab | 180.3 a 82f 250g | 440cd | 42.1¢ 275e 27.6a 60.0 e
Check-31 142.0a-c | 168.3ab | 1654c | 11.7b-e | 31.0f | 474bc | 40.1¢ 283 cd 13.2f 74.5a
HSD Value o 5% 3.49 2.98 4.54 2.87 3.75 3.58 4.18 1.22 1.84 1.74
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height was found in G-32, although the maximum
number of branches was counted in G-48, which did
not differ statistically from G-32, G-25, and G-13, and
the minimum number of branches was counted in G-77.
The G-25 accession had the highest number of heads,
followed by the G-13 accession, and the G-77 accession
had the fewest heads. Statistically, the highest seed
weight was observed in G-24, followed by Check-31, and
the lowest seed weight was observed in G-48. However,
the highest seed yield was obtained in G-24, followed
by G-13, and the lowest seed yield was recorded in
G-25, while the highest oil content was extracted from
G-66, which is comparable to G-48, and the lowest oil
content was extracted from G-25. In addition, according
to the description of fatty acids, G-77 had the highest
oleic acid content, followed by G-48, while Check-31
had the lowest; the highest linoleic acid content was
found in G-66, which was statistically at par with G-25,
G-Check-31, and G-22; and G-77 had the lowest linoleic
acid content.

In addition, the results of experiments conducted in
2019-2020 revealed that promising safflower accessions
responded significantly (p < 0.05) (Table 5). While
interpreting the results of this study, the accession with the
maximum days to 50% flowering was G-77 and the one
with the minimum days was G-25, while the accession
with the maximum days to maturity was G-77 and the
one with the minimum days was G-22. In addition, the

statistically tallest plant height was measured in G-77,
followed by G-24, and the lowest plant height was
observed in G-13, whereas the maximum number of
branches was found in G-48, which was comparable
to G-32, and the minimum number of branches was
documented in G-77. The accession with the maximum
number of heads was G-25, followed by G-13 and G-77,
while the accession with the minimum number of heads
was G-77. The accession with the highest thousand seed
weight was G-24, followed by G-25 and G-48; check-31
had the lowest seed yield, while G-24 had the highest seed
yield. However, G-48 had the highest oil content, which
was statistically at par with G-66, whereas G-25 had the
lowest oil content. According to the fatty acid profile
data, G-77 had the highest oleic acid content, followed
by G-21 and G-42, while Check-31 had the lowest. In the
second-year study, Check-31 had the highest linoleic acid
content, which did not statistically differ from G-25 and
G-66, whereas G-77 had the lowest linoleic acid content.

Pearson Correlation Study of Safflower Yield
and Quality Traits

Pearson correlation coefficients for 2018-19 and
2019-20 were calculated to demonstrate the relationship
between traits (Table 6). There was a highly significant
(P< 0.01) negative correlation between days to 50%
flowering (DTF) and seed yield; additionally, there was a

Table 6. Pearson correlation coefficients among various phenological i.e. days to 50% flowering (DTF), days to maturity (DMT), and
morphological traits i.e. plant height (PH), number of branches (Bran), number of heads plant!, 1000-seed weight (TSW), yield plant™,
oil %, oleic acid% (OA) and linoleic acid% (LA) in safflower during 2018-19 and 2019-20.

2018-19
DTF DMT PH Bran Heads TSW Yield Oil OA

DMT 0.80%*

PH 0.36** 0.30%*

Bran 0.17* 0.09™8 0.08™8
Heads 0.15™ 0.10N 0.14ns 0.64**
TSW 0.17* 0.18%* 0.15™ -0.09M8 0.05™s
Yield -0.34%* -0.23%%* 0.20* -0.15N8 0.001Ms 0.15M
Oil% -0.38%** -0.29%** 0.11™ -0.11™ -0.12N8 -0.03™8 0.40%*

OA 0.09%Ns 0.09% -0.15M8 0.02%s -0.12N8 -0.05™8 -0.17* -0.18%*

LA -0.09™¢ -0.09™¢ 0.15™ -0.02N8 0.12N 0.05™8 0.17* 0.18* Sk

2019-20
DTF DMT PH Bran Heads TSW Yield Oil OA

DMT 0.81%*

PH 0.33%* 0.18*

Bran 0.16* 0.10N 0.06™
Heads 0.08Ns 0.02%s 0.12Ms 0.56**
TSW 0.11™ 0.15™ 0.14"8 -0.10M 0.05%s
Yield -0.27%* -0.30%* 0.17* -0.09N8 0.01™ 0.13™s

Oil -0.27%* -0.37** 0.088 -0.12M8 -0.12N8 -0.05™8 0.41%*

OA 0.06N 0.03%8 -0.10M 0.02%¢ -0.148 0.00N -0.15™8 -0.13N8

LA -0.06™ -0.03¢ 0.10M -0.02N8 0.14%s 0.00Ns 0.15 0.13%8 Sk
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significant negative correlation between days to maturity
(DTM) and yield. Similarly, the percentage of oil
revealed a highly significant negative correlation with the
number of days to 50% flowering and the number of days
to maturity. There was a positive correlation between
oil percentage and yield, while plant height showed a
positive correlation with DTF and DTM. Furthermore, a
similar correlation tendency was detected in 2019-20.

Biplot Description

Selected safflower accessions with desirable
characteristics were subjected to a biplot analysis to
evaluate their traits in 2018-2019 (Figure 2). The biplot
analysis revealed four main groups of traits. Plant
height, heads, thousand seed weight as well as days to
50% flowering and days to maturation were closely
related; consequently, they are clustered on the same
axis on the biplot. However, linoleic acid and seed yield
fall into the second category, whereas oil content and
oleic acid content fall into the third and fourth groups,
respectively. These four categories of accessions could
be simultaneously selected for these traits. For example,
the phenological traits days to 50% flowering (DTF) and
days to maturity (DTM) were closely related, and the
accessions G-98, G-73, G-104, G-69, G-121, and G-9 got
the longest times for flowering and were considered late
flowering, whereas the accessions G-73, G-98, G-104,
G-121, G-69, G-7, and G-9 utilized the longest days for
maturity and were considered late maturing. Accessions
G-1, G-107, G-17, and G-8 had the tallest plant height

among all accessions, while accessions G-103, G-136,
G-134, G-8, and G-72 had the maximum number of
heads and branches, and accessions G-106, G-63, G-120,
and G-105 had the highest thousand seed weight. The
accessions with the highest seed yield were G-24, G-22,
G-13, G-66, G-32, G-21, and Check-31, whereas G-53,
G-48, G-28, and G-66 had the maximum oil content.
While accessions G-19, G-87, G-95, and G-18 had higher
linoleic acid levels, accessions G-5 had the highest oleic
acid levels.

Moreover, based on the interpretation of the biplot
analysis of the second-year research study (Figure 3),
four segments of safflower accessions could be selected
for desirable parameters in 2019-2020. For instance,
phenological traits such as days to 50% flowering (DF)
and days to maturity (DTM) were closely related, and
the accessions G-121, G-97, G-63, G-104, G-129,
and G-69 that required the longest days for flowering
and maturity were considered late flowering and late
maturing respectively. Accessions G-1, G-8, G-107, and
G-95 had the tallest plant height, while G-134, G-103,
G-136, and G-101 had the highest number of heads
plant!. However, accession G-103 and G-134 had the
highest number of branches plant'. The accessions with
the highest seed yield were G-24, G-13, G-22, G-48,
G-25, and G-66, while the accessions with the highest
oil content were G-53, G-22, G-16, G-24, and G-28. In
terms of fatty acid profile, the accessions G-19, G-11,
G-87, G-29, G-25, G-1, and Check-31 had the highest
linoleic acid content, while accession G-5 had the
greatest oleic acid content.

PC1 (25.6%)

Fig. 2. Biplot analysis report for various traits i.e. plant height (PH), days to 50% flowering (DTF), days to maturity (DTM), number of
branches plant™! (Bran), number of heads plant™, oil content, thousand seed weight (TSW), seed yield plant™, linoleic acid content (LA)

and oleic acid content (OA) during 2018-19.



Author Copy * Author Copy ¢ Author Copy ¢ Author Copy ¢ Author Copy ¢ Author Copy * Author Copy ¢ Author Copy ¢ Author Copy

10 Muhammad Sajid, et al.

PC2 (20.9%)

-4 -2 0 2 4
PC1 (24.5%)
Fig. 3. Biplot analysis report for various traits i.e. plant height (PH), days to 50% flowering (DTF), days to maturity (DTM), number of

branches plant’! (Bran), number of heads plant’, oil content, thousand seed weight (TSW), seed yield plant™, linoleic acid content (LA)
and oleic acid content (OA) during 2019-20.
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Fig. 4. Dendrogram of cluster analysis of safflower accessions for various traits i.e. days to 50% flowering (DTF), days to maturity
(DTM), plant height (PH, cm), number of branches plant™! (Bran), number of heads plant™, thousand seed weight (TSW, g), seed yield
(g, plant™), oil content (Oil%), linoleic acid content (LA%) and oleic acid content (OA%) during 2018-19 and 2019-20.

Utilized Exotic Safflower: A Cluster Analysis variable or unique characteristics for the clusters in the
dendrogram (Figure 4). These different groupings of
safflower accessions are utilized in a breeding program
to increase genetic diversity and to produce hybrids with
greater vigor. Accessions such as G-136, G-74, G-127, and
G-63 exhibited higher morphological uniqueness among

traits during the two-year study and may be recommended

As clear from dendrogram analysis in Figure 4,
there were four main clusters and each cluster contained
approximately 18 accessions. Accessions within the
cluster were uniformly related to one another, whereas
accessions belonging to distinct clusters may carry



Author Copy * Author Copy ¢ Author Copy ¢ Author Copy ¢ Author Copy ¢ Author Copy ¢« Author Copy ¢ Author Copy ¢ Author Copy

Exploring the Adaptability ...

11

Table 7. Characteristics of selected safflower accessions in cluster analyses for further breeding on bases of days to 50% flowering
(DTF), days to maturity (DTM), plant height (PH), number of branches plant' (Bran), number of heads plant’, thousand seed weight
g (TSW), seed yield plant’, oil content%, linoleic acid content% (LA) and oleic acid content% (OA) during 2018-19 and 2019-20.

2018-19
Accessions DTF DTM PH Bran Heads TSW Yield il 0OA LA
G-136 =237534 147 173 113.75 24.75 101.25 40 11.25 21.93 16.6 71.4
G-74 = 181866 141 165 163 15.5 58 34 40.33 24.33 21 67
G-127 = 283744 141 167 108.75 16 55.75 422 27 23.7 38.6 49.4
G-63 =239706 155 168 137.75 12.5 35 52 15 27 16.6 71.4
2019-20
G-136 =237534 142 172 115 23 104 41.5 13.55 22.78 18.8 69.2
G-74 = 181866 140 166 167 14 64 35.5 42.63 23.5 21.7 66.3
G-127 = 283744 143 172 102 15 52 43.7 29.3 24.6 39.9 48.1
G-63 =239706 153 180 132 14 38 53.5 17.3 27.7 18.6 69.4

for further investigation under a variety of agroclimatic
conditions, in addition to being recommended for use as
parental accessions in plant breeding programs by plant
breeders (Table 7).

Analysis of a Scatter Plot for Safflower
Oil Against Plant Height

The fluctuation in achene oil % and plant height
over 2018-19 was visualized using scatter plot analysis
(Figure 5 and 6). The scatter plot diagram was divided
into four sections. Component I is in close proximity
to a shorter plant height and higher oil content. The
accessions G-45, G-53, and G-28 were regarded as more
favorable genotypes due to their diminutive plant height

and oil content of greater than 30%. G-20 also had high
oil content and a medium plant height. Component II was
characterized by the accession with low oil content and
plantheight; G-125, G-126,and G-111 were the accessions
with the lowest plant height and oil content. Component
IIT was characterized by accession G-1, which had high
oil content and a tall plant height. Component IV was
classified as accession G-8, which had low oil content
and a tall plant height. In addition, Figure 6 depicts a
scatter plot analysis for 2019-20. Component [ is in close
proximity, exhibiting a higher oil content and a shorter
plant height. The accessions G-53 and G-52 exhibited
a higher oil content (>30%) with a shorter plant height
and are therefore regarded as excellent. Component II,
which was characterized by the accessions G-120, G-126,
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Fig. 5. Scatter plot between plant height and oil content during 2018-19.
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Fig. 6. Scatter plot between plant height and oil content during 2019-20.

and G-125, had the lowest oil content and plant height,
whereas component III, which was characterized by the
accessions G-1 and G-17, had the highest plant height
and medium oil content, and component IV, which was
characterized by the accessions G-8 and G-107, had the
highest plant height and lower oil content.

Discussion

Low irrigation water requirements and resilience to
poor soil nutrition, saline regimes, and frost exposures
made safflower a quality edible oil option for Pakistan-
like agroclimatic conditions [27, 28]. In many ecological
zones of the country where low rainfall, high soil-borne
salt concentrations, and marginal lands are permanent
characteristics, safflower’s rapid growth and low irrigation
water requirements make it a useful alternative crop for
avoiding competition with local cropping patterns [29]. In
this study, substantial genetic variability was observed for
all introduced safflower traits, especially for number of
branches and seed yield (Table 4). As trials revealed, the
genetic variability of a trait was influenced by multiple
factors, including genotypes, environment, and their
interactions. Furthermore, the genetic background, such
as the number of loci influencing the traits, also explains
the genetic variability associated with the trait of interest.
In general, polygenic (affected by numerous loci and
environment) traits, such as achene yield plant’, exhibit
continuous variation, which explains the high magnitude
of variation within traits.

Characterization of germplasm for phenological
traits such as days to maturity and days to 50% flowering
revealed limited genetic variability among germplasm
and commercial controls (Table 4). The genetic
variability of these traits must be increased through
interspecific hybridization or mutation [30]. These
tools may also be used to develop cultivars with early
or medium maturity, which may be advantageous for
adaptation to new environments. Correlation analyses
of the characteristics highlight the need to develop early
or medium-maturing safflower cultivars, as there was
a negative relationship between the phenological traits
(DTF or DMT) and oil percentage (%) and achene yield
plant! (Table 5). The negative relationship between
phenological traits and oil % or achene yield plant
demonstrated that accessions with higher oil content
or achene yield had lower days to maturity or days to
flower. This may be an adaptation by the accession to
avoid the deleterious effects of heat stress during the
terminal reproductive phase [31-33].

The low genotypic coefficient of variation for
characteristics such as plant height and oil content may
explain the oligogenic nature of these plant characteristics.
However, there was a broad range of measures among the
accessions, from dwarf to tall. Similarly, accessions may
also be classified as low-oil or high-oil types. Extreme
accessions for oil types with high oil content could be
selected to constitute recurrent selection and to intensify
advantageous alleles for oil content within single breeding
populations [34]. The absence of a correlation between
plant height, oil content, and achene yield suggests that
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